Abstract -Advancements in low-power and world's oceans for recording whale sounds high-data-capacity consumer computer technology during the (e.g. sample rates have been used in very small packages However, until recently, the technology required to attached to whales for behavioral studies [8] and in larger autonomously record whale sounds over long durations has packages for seafloor deployment in very shallow water been limited to low-frequency (< 1000 Hz) baleen whales. The
conditions and independent of daylight, and lower cost.
sample rates have been used in very small packages However, until recently, the technology required to attached to whales for behavioral studies [8] and in larger autonomously record whale sounds over long durations has packages for seafloor deployment in very shallow water been limited to low-frequency (< 1000 Hz) baleen whales. The [9] , but these newer systems are not capable of providing need for a broader-band, higher-data capacity system capable both long-term (months) and broadband (up to 100 kHz or of autonomously recording toothed whales and other marine more) recordings which are required for monitoring mammals for long periods has prompted the development of toothed whales (odontocetes) (e.g., [10] ). As the need a High-frequency Acoustic Recording Package (HARP) grows to conduct long-term studies on odontocetes to learn capable of sample rates up to 200 kHz. Currently, HARPs about their behavior and population dynamics, including accumulate data at a rate of almost 2 TB per instrument understanding their responses to anthropogenic sounds, deployment which creates challenges for processing these autonomous recorders with enhanced capabilities are large data sets. One method we employ to address some of required.
these challenges is a spectral averaging algorithm in which Until recently, long-term high-bandwidth acoustic the data are compressed and viewed as long duration monitoring was not feasible using autonomous instruments spectrograms. These spectrograms provide the ability to view because of data acquisition hardware limitations. large amounts of data quickly for events of interest, and they However, with the proliferation of new, low-power provide a link for quickly accessing the short time-scale data consumer electronics such as laptop computer hard disk for more detailed analysis. HARPs are currently in use drives, low-power microprocessors, and high-speed worldwide to acoustically monitor marine mammals for digitizers, these limitations can be overcome. In this paper, behavioral and ecological long-term studies. The HARP we describe an instrument called HARP (High-frequency design is described and data analysis strategies along with Acoustic Recording Package) which is capable of software tools are discussed using examples of broad-band recording long-term, high band-width acoustic data. We recorded data. present example data to show some of the challenges and current solutions for processing these high-capacity data in studying behavioral responses of calling animals to low-power, high-speed digitizing, and high-capacity data acoustic events, either anthropogenic or natural. When storage. As with any battery-powered autonomous combined with other data such as visual, environmental instrument, low-power components are essential for long and satellite measurements, long-term acoustic monitoring duration deployments. High-speed digitizing is needed to can be an especially powerful observational tool for record broad-band odontocete calls and to provide enough studying marine mammals. bandwidth for call differentiation. High-speed digitizing Since the 1990's several forms of autonomous acoustic coupled with long duration recordings requires monitoring systems with various capabilities have been high-capacity data storage be used. Various forms of developed and used in various settings throughout the digital data storage devices are currently available, but laptop computer disks were chosen because their on the CPU card are FLASH memory chips for data widespread use in the consumer electronics market allows buffering and a RS232 transceiver for user communication them to be cost effective and readily available. with the data logger via a standard computer terminal with Furthermore, their design provides a rugged, small form a serial communications port. For converting the analog factor (high capacity density), and most importantly, sensor signal into digital data, a low-power, low-noise low-power device; all desired characteristics which will ADC from Analog Devices (http://www.analog.com) was likely continue to improve.
chosen that provides 16-bit resolution and up to 250,000 We use 16 integrated drive electronics (IDE) laptop samples/second sample rate. Eight sample rates ranging disk drives (2.5" form-factor) for our high-capacity data from 2000 to 200,000 Hz were chosen to be available for storage. The disks are arranged in a block and are various mission configurations and are software selectable addressed sequentially with all disks connected to a prior to mission initiation. Also included on the ADC card common 50-pin bus (Fig. 1) . Only one disk is addressed are a power supply for the hydrophone sensor and a 4-pole and powered at a time. To allow for efficient instrument anti-alias filter for the analog signal that can be easily refurbishment, the block of 16 full disks can be easily modified for the various sampling corner frequencies. The removed and replaced with a new block of recently SRAM card consists of 32 MB of data buffer space in the formatted disks upon instrument recovery. The removed form of sixteen 2 MB chips. After digitizing, the data are disk block then can be connected to a computer and the stored in the SRAM buffer until about 30 MB is occupied, data can be uploaded to a smaller number of large capacity at which point one of the disk drives is turned on and the desktop computer disk drives for data backup and analysis. data are flushed to the disk while the ADC continues to fill In 2003, 40 GB laptop computer disk drives were readily up the free buffer space on the back end. In addition to the disk block, the data logger consists of data coverage to test for a diel calling pattern hypothesis. five printed circuit boards (PCBs) connected via 96-pin
The rate at which power is consumed by the data logger connectors to a backplane circuit board (Fig. 1) . The is dependent on sample rates and data acquisition sampling backplane has two additional connectors for future PCB schemes (i.e., continuous or non-continuous). Batteries are required to operate HARPs autonomously, which controls all data logging operations. Also included and the longer the deployment and the higher the sample rate, the larger the number of batteries that are needed to flattens the response of the hydrophone system in the accomplish the mission. To a large extent, batteries drive presence of ocean ambient noise, adding more gain at the design of an autonomous instrument packaging, for higher frequencies where ambient noise levels are lower instance, pressure cases are often used to house the and sound attenuation is higher. The pre-whitening is batteries and additional instrument flotation is required to accomplished through the two preamplifiers and through buoy the weight of the batteries during instrument recovery. the low-end rolloffs of the high-pass filters of the two In the current HARP seafloor instrument configuration, a stages (i.e., below 30 Hz on the low frequency stage and total of 192 D size alkaline cells (140g each) are arranged below 10 kHz on the high frequency stage). After in four sub-packs. Each 14.5 cm diameter sub-pack has 48 pre-amplifying and pre-whitening, a 4-pole low-pass filter D cells arranged in four layers of 12 cells. Twelve Volts is used to reduce high-frequency aliasing effects (above 2 per sub-pack are provided by six parallel strings of 8 cells kHz for the low frequency stage and above 100 kHz for the in series, and all sub-packs are connected together in high frequency stage). Line drivers send the signals parallel between pressure case housings via underwater separately through a 10m cable to a differential receiver in cables and bulkhead connectors. One sub-pack is housed the data logger which combines the signals, and another with the data logger electronics and provides power for 4-pole low-pass filter with a -3 dB point at 100 kHz is testing the data acquisition system without the need of the included in the data logger to further reduce high additional sub-packs packaged in the battery-only pressure frequency aliasing effects. Fig. 2 Fig. 2 . Hydrophone sensitivity plot showing two stages of across four frequency decades, we developed a preamplification, pre-whitening, and anti-aliasing filters. hydrophone with two separate stages of signal conditioning, The shape of the hydrophone sensitivity was designed to one for the frequency band from 10 Hz to 2000 Hz, and the follow the reciprocal of ocean ambient noise so that the other from 1000 Hz to 100,000 Hz. After signal sensor's response would allow for large amplitude signals conditioning, the signals for the two stages are added across the wide band of frequencies above ambient noise. together via a differential receiver before being digitized by the ADC and stored on disk.
The transducer and signal conditioning electronics are The two stages use different transducers and provide packaged in a soft, oil-filled polyurethane tube to provide the ability to record both baleen whale low frequency good acoustic coupling with the seawater. The signal sounds and high frequency sounds from odontocetes. The conditioning surface mount electronics are populated onto high frequency stage uses a spherical omni-directional a 2 cm x 8 cm, two-sided printed circuit board which is transducer (ITC-1042, www.itc-transducers.com) which is mounted on a bulkhead connector to allow easy electronics constructed from lead zirconate titanate ceramic and has an changing based on experimental requirements (i.e., approximately flat (+/-2 dB) sensitivity response of about different sample rates require different anti-alias and -200 dB re lVrms / iPa from 1 Hz to 100 kHz. The low pre-whitening filters). frequency stage uses six cylindrical transducers (Benthos AQ-1, www.benthos.com) connected in series to provide a C. Seafloor Package Design total sensitivity of about -187 dB re lVrms / piPa with a The size of a HARP seafloor package is dictated by the flat response (±/-1.5 dB) from 1 Hz to 10,000 Hz. The requirement to buoy and bring back to the sea surface the signals from the transducers are fed into preamplifiers with data logger and acoustic release electronics, pressure cases, approximately 40 dB of gain for the low frequency stage, frame, and about 27 kg of batteries. The batteries are the and about 80 dB for the high frequency stage. The major weight component of the system, but also control the signals are pre-whitened with a frequency response similar deployment duration. Currently, the HARP seafloor to the reciprocal of the ocean ambient noise as a function package has about 60 kg of buoyancy in the form of six of frequency (i.e., ocean ambient noise decreases as 30.5 cm diameter glass spheres rated to 6600m (Fig. 3) . frequency increases; [11] 
Battey Weig
The 1 GB processing files are generated in a format we Presure CSe call XWAV which is similar to a WAV formatted file but which include additional information in an expanded Fig. 3 . HARP Seafloor package including data logger header. For example, the XWAV header also includes data and acoustic release electronics pressure cases, ballast timing information (i.e., start and stop times), latitude, weights, glass flotation sphere in yellow hard hats, and longitude and depth of instrument deployment, and other hydrophone tethered I Om above seafloor, experiment specific information. The raw data are evaluated for timing accuracies before including in the High-density polyethylene (HDPE) plastic panels and XWAV file header. XWAV files have a single header tubes are used to provide the framework for the seafloor followed by a stream of data as in WAV files to allow for package design. HDPE is low cost, easily machined, more efficient data processing than a file format with durable, and buoyant in sea water. The panels include timing headers interleaved throughout the data. XWAV holes for direct mounting to a ship's deck, for lifting points, files can be viewed and played with standard audio and for lines when controlling the package during software that can read WAV files. The XWAV header deployments and recoveries. The panels also act as runners also can be modified to adjust the gain and speed at which allowing a fully loaded frame to be easily slid on deck into the file is played in standard audio software, but still retain launch position by two people. The HDPE cross-frame teoiia mltd n apert o rcsigwt tubes house the aluminum pressure cases and provide XWAV-capableessoftware. structural strength for the frame. All frame-fastening Each instrument deployment results in about 2000 hardware is unalloyed titanium to minimize corrosion XA iesre ie,adveigadaayigec problems.
one of these files in a non-automated way is not practical, The hydrophone sensor is tethered to the seafloor sow's en ffl opeso o aaoeve instrument via polypropylene line and buoyed 10 m Off the based on long-term spectral averages (LTSA).
1.5 hours and are labeled A, B, and C, respectively. The Spectral-averaging is a method of searching for acoustic corresponding short time-scale spectrograms are calculated events such as whale calls in long-term data sets (e.g., [12] and shown in Fig. 5 . These spectrograms use 1000 point - [14] ). Instead of inspecting short duration spectrograms FFTs, Hanning windows, and no overlap. Fig. 5a shows for individual calls, successive spectra are calculated and mostly dolphin whistles from around 5 -30 kHz, whereas, averaged together. These averaged-spectra are arranged Fig. 5b is full of broadband clicks from about 20 kHz to sequentially to provide a time series of the spectra. The presumably beyond our recording Nyquist frequency, and averaging time determines the resolution of the resulting many intense whistles at lower frequencies. Matching plot and the data compression factor. Essentially, these characteristics back to the LTSA plot shows most of spectral-averaging is a spectrogram over long time periods the energy from the whistles is clustered between 8 -18 and provides a coarse map or table of contents to groups of kHz and clicks are broad-band events primarily between events in the finer time scale XWAV data. Depending on 20 and 70 kHz. The spectrogram of Fig. 5c is not from number of samples used for the spectra and the averaging dolphins but from a passing boat using a 50 kHz echo time used, data compression factors of 4000 or more are sounder which is easily observed in both Fig. 4 and Fig. 5c possible while still providing enough resolution to observe in addition to the wideband noise at low frequency (< 2 short-term events above the ambient noise. kHz) presumably from the boat propulsion system.
III. RESULTS A. 90 As an example of our processing technique, an LTSA was generated from HARP data sampled at 200 kHz -7
offshore of southern California in the fall of 2006 and is shown in Fig. 4 
